Individuals receiving either allogeneic bone marrow transplants, 1 or organ transplants, 2 are at an increased risk of developing de novo malignancies. Radiation and immunosuppression are both risk factors. As unfortunate as this is, it could allow for detection of tumor cell-hematopoietic cell hybrids in human cancer. In animal models, tumor hybrids were documented through the use of heterologous genetic markers for the tumor and host genotypes, in some cases revealing hybridization with hematopoietic cells. 3, 4 In noncancer systems, heterologous markers were used to demonstrate fusion of bone marrow-derived stem cells with tissue cells. [5] [6] [7] We looked for BMT donor DNA in a paraffin-embedded metastasis from a child who, after allogeneic liver and bone marrow transplants, developed renal cell carcinoma, and then metastases. 8 The pathology report described this specimen as showing portions of a right caval lymph node involved with metastatic renal cell carcinoma. The primary tumor was unavailable. Both the patient and his liver donor were immunotyped as O þ ; the BMT donor was A þ . 8 Laser microdissection, sample preparation, and PCR were as described. 9 Two primer pairs were designed to distinguish between A and O alleles (Table 1A) . 10 The primer pairs were redundant and were used in different reaction tubes. Restriction fragments were generated by KpnI digestion. In all, 14 of the 21 tumor samples were microdissected by a pathologist (RL), and seven under the supervision of a pathologist (FP). For a BMT recipient, any blood lineage cells in the tumor will be of donor genotype; thus, it is important to note that the tumor contained fields in which tumor cells could readily be microdissected free of normal cells. Carcinoma cells were distinguished by their large nuclei as compared to normal cells with smaller nuclei (Figure 1 ).
Buccal DNA samples from donor and recipient were subjected to PCR with both 176 and 193 bp primers (Table 1A) Tumor cell DNA was amplified using the 176 bp primers, aliquots were subjected to KpnI digestion, and the mixtures were run on agarose gels. Results for tumor samples T2 and T6 are in Figure 2b . Without KpnI (À), a single 176 bp band was seen, whereas with KpnI (þ ) two bands of 176 and 150 bp were seen, consistent with being A and O allele fragments. Similarly, amplification of tumor samples T5 and T6 with the 193 bp primers and KpnI digestion yielded bands of 193 and 174 bp, as predicted for A and O alleles (Figure 2c ). KpnI digestion of tumor sample T19 produced a 193 bp A allele fragment, but no O allele fragment (Figure 2c) .
In a second experiment, tumor samples T7-T14 were amplified with the 176 bp primers and run on an agarose gel without KpnI. The 176 bp fragments were isolated by needle prick, re-amplified with the 176 bp primers, digested with KpnI, and run again on a gel (Figure 2d ). After KpnI, all tumor samples showed both 176 bp (A allele) and 150 bp (O allele) fragments. This was confirmed by sequencing of KpnI-generated 176 and 150 bp DNA fragments from tumor DNA sample T8, from the gel in Figure 2d ( Table 1B) . The sequences of the 176 and 150 bp bands from tumor sample T8 were identical to the published sequences for the A and O alleles, as were the corresponding bands of donor DNA.
To show that the putative A allele bands were truly KpnIresistant, and not due to incomplete KpnI digestion, previously digested 176 bp fragments from donor and tumor DNA were isolated from gels via needle prick and re-amplified. Aliquots were either mock-digested or digested a second time with KpnI. The once-digested ( þ ) and twice-digested ( þ þ ) samples were again run on a gel (Figure 2e ). After the second KpnI digestion, donor DNA and tumor DNA samples T2, T3, T4, and T5 showed only the 176 bp product, and no further 150 bp was generated. This indicated that the original KpnI digestion had been complete, and that the remaining 176 bp fragments were truly KpnI resistant, consistent with the tumor cells containing the A allele. CAGAACACCACCATTGGGTTAACTGTGTTTGCCATCAAG--AAGTAAGTC B.
CAGAACACCACCATTGGGTTAACTGTGTTTGCCATCAAG--AAGTAAGTC C.
CAGAACACCACCATTGGGTTAACTGTGTTTGCCATCAAG--AAGTAAGTC D.
CAGAACACCACCATTGGGTTAACTGTGTTTGCCATCAAG--AAGTAAGTC PUB: Figure 2d . Donor DNA fragments were isolated from a separate gel (not shown). PCR products were digested with 5 units of KpnI (New England Biolabs, Beverly, MA, USA) for 1 h. The digested, amplified DNA samples run on 2% agarose bands were visualized by ethidium bromide staining and UV. DNA was sequenced using the internal reverse primer by the WM Keck Biotechnology Resource Laboratory at Yale University.
In summary, of 21 tumor DNA samples from diverse areas, 16 yielded primer products. Of these, 16 of 16 contained the A allele, while 14 of 16 contained the O allele as well. PCR reactions also included no-DNA controls as a check against cross-contamination. These were negative. The needle-prick samples were re-amplified using the 176-bp primer set, and aliquots were either mock digested (À) or digested with KpnI ( þ ), followed by gel electrophoresis. (Left to right): lane 1: 25 bp ladder DNA size markers; lanes 2 and 3: tumor sample T7; lanes 4 and 5: tumor sample T8; lanes 6 and 7: tumor sample T9; lanes 8 and 9: tumor sample T10; lanes 10 and 11: tumor sample T11; lanes 12 and 13: tumor sample T12; lanes 14 and 15: tumor sample T13; lanes 16 and 17: tumor sample T14. (e) Repeated KpnI digestion of 176 bp generated fragments, to determine whether the initial KpnI digestion had been complete. Previously digested 176 bp DNA fragments were isolated from a gel by needle-prick. This DNA was again amplified with the 176 bp primer set and aliquots were either mock digested ( þ ) or digested a second time with KpnI ( þ þ ), followed by gel electrophoresis. (Left to right): lane 1: 25 bp ladder DNA size markers; lanes 2 and 3: donor buccal DNA; lanes 4 and 5: tumor sample T2; lanes 6 and 7: tumor sample T3; lanes 8 and 9: tumor sample T4; lanes 10 and 11: tumor sample T5. For needle prick re-amplification of DNA, ethidium bromide-stained fragments were located on the gel by UV light and isolated by inserting a 23 g needle into the center of the band. The needle was briefly immersed in a PCR reaction mixture with a primer set, and PCR was carried out. The mixtures were then re-run on agarose gels with or without KpnI digestion.
(Further information regarding the liver donor was unavailable. 8 ) Although this is a complex case, we propose BMT-tumor cell hybridization as the most probable mechanism to account for donor DNA in the tumor cells. The alternative, that tumor cells were transferred via the transplant, is not supported by the case histories. That is, since the BMT donor was a healthy child at the time of transplant, and remains healthy more than 10 years later, 8 it is improbable that his donated BMT would have contained renal carcinoma cells. Further, the pathology diagnosis indicated the primary tumor to be a de novo renal carcinoma. Although the recipient was a child, due to prior treatment he was indeed at an increased risk of developing de novo malignancies. [1] [2] 8 Thus, in our opinion, tumor hybridization best explains the molecular genetic data herein. Continued genetic analyses of pathology specimens from allogeneic BMT patients who develop secondary malignancies would seem to be a useful approach to the question of tumor hybridization in cancer progression. 
